
I RD-Ri51 980 EFFECTS OF MGNETIC SHERR ON LOER HYBRID 
WAES IN THE i/l

-9@ SUPRAURORAL REGION(U) BOSTON COLL CHESTNUT 
HILL MA DEPT

OF PHYSICS P BAKSHI JAN 85 RFOSR-TR-85-0251
UNCLASSIFIED AFOSR-83-Bii2 F/6 29/9 N



- . * . . . . . - .. " . -

I II I ~ -2.2

I liii11112.0

111_ 2 1111 [.



FINAL REPORT

Grant AFOSR-83-Ol 12

EFFECTS uF MAGNETIC SHEARl ON LOWER

HY~iRl L WAVKS Ls~ Thi-i SLPFRAURORAL REGION

In

Pradip Bakshi

0 Phvsics Department

Boston Colleze

Ches tnot hil1l, Mass. 0.-21F)7

C) January 198,5

LUJ

85



,0 7 1, c A .t I , "A,

REPORT DOCUMENTATION PAGE

kp -SL :,,RT' CL.Ai.SIF ICA1 ION It, HLST ICT I V MAFHK iNLu.

IC SE C R T N C LASS.~ CA T ION o UT H1JH I'1 3 OSTRIBUl ION AVAILAUILITY OF RLPJJFT

2DELLASIFICAflON D0WNCRADiNt SLH.-tDILE UL:::1 jjlI

4 PLRF,RMiN. OR ANIZATiON REPORT NUMBE RtSi 5 MUNITC~jbO!GANIZA1CON RLPORT NUMbE RIS)

V0., %II R- --

c,. %NAt OF FERFLIHM NC, OR ,AN'ZA TON uOF F ICE SYMBOL 7a NAME OF MONiTORINOj ORGANIZATION

A ; -,I

Bl,- L,0 Bolll AFI

bo NAME OF F UND;NG SPONSOR'NI. 8aL OFF ICE SYMBOL Id PROCUREMENT INSTRUMENT IDENT!FiCATION NUMBER
ORGANIZATION (if .jpplccabie,

&ADDRESS (I> lO ,Iu aIII /11 Cu. 10 SOURCE OF F UNDING NOS

:512: 1i oi i .*i PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO NO NO NO

61102K 2311

12 PE HSONAL AUTFIORcSI

ITYPE OF REPORT 131 TIME COVE RE D 14 DATE OF REPORT 1r A,. be>, I PAGE COUNT

F ROM To TOI

16 S-PPFEMENTARY NOTAT ION

17 COSAT I CODES 18 SUBJECT TERMS L',rntcin- O fl Is8 if liccu C a n fd identif> b bluil numbwI,

FIELD C GROUP SUb OR Lii' ~L1 .IS STPARRL1LSL ~~~
V\' 1c S11AlD C I::CS

1w ABST RACT v n I,~ ~ reeiIfn-~ -'4 a WIden (if> b) bI.- &ncmb..r,

t> S' I.I ti '!i r o t iivbr i L -t c r~" c i r L, L j: 1 . it s ! IA. t!I,

t ~ ~ ~ ~ ("l a.n- Sli:!f t. an ll shear(2)-~ iccitl\ LfE t ti taw ~ i.
.1:1. H ta"iI "i ii'l for So.1( v- eter rnt. i resil ts III.11k Of Qlr~CL

11 tl L'X ti 1, r t e! it I v\ rI(- p s e ~ iJ: :of L' 1,'I li-K S: 0co 10riC 11' :o ani i o in

'[itt12 12t: iutrori rc'in~i.

2C 0 STRibUTION,AvAiLA8,LITY O.F At3STRACT 21 AbSTRACT SECURITY CLASSF CATION

.JNCLASSIFiEDUNLiMiTE D X SAME AS RPT DT IC USE RS E 1 II

22& NAME OF RESPuo c. bE IND)IVIDUAL- 22t TE LE Pl"ONE NUMEIE R .2, OF F ICE SYMBOL

Pr . li'Irv k \ih1; nl-.<Q J

[0 DD FORM 1473,83 APR EDITION OF 1 JAN 73 ISOSLETE EL.kLSFCA NC MSPG



AltI t raIt

Ut c tS of :If, it i C lc i l r Oln ILu.(r hyb Ii d 1211!tI a rt i r tt i i,i ed. t F

bhu-v-n that dLIL to non-ht cal effects, even a s~i.a1I sh( ir c' Sf c2 fla: IY

affect t hc instability, lead i ng to St ahi 11Zat ion for s i:,t p.rIA:: itL r r~t~

Tht-s, rt2c Llt-S are of imprirtarce in tht c Co:tet e x f t L r t 1 r'

r." ' I Ii i~sm of lo~ri., bri d at ce I(.rat i on a!Id io 07v1 1 1It 0t:1 t !L SInrr(Jrd I

r eg i on.

A.4

x',P



.6

I. Introduction.

It has recently been shown' that ions can be accelerated perpendicularly

to the magnetic field by resonant interactions with current driven lower

l y rid rodes. This accelerated portion of the ions car evolve into conic

distributions and propagate upwards along magnetic field lines. When they

reach the region where they can be strongly energized by the electrostatic

sh,,cks, it is argued1 that the resulting ion distribution can lead to the

excitation of electrostatic ion cyclotron modes. This provides a plausible

explanation of the simultaneous observation of the electrostatic ion cyclotron

modes with the key ion distributions in the suprauroral region.

Since the driving current also produces a magnetic shear, which generally

exerts a stabilizing influence, it is quite important to investigate whether

the lower hybrid mode remains unstable inspite of the influence of shear. The

ma nitude of the shear is generally quite small, with shear lenoth L. of the

o rd,,r of 5DW km, and it may seem reasonable to i gnre it altogether. However,
* 93

our recent studies-, in the context of the current driven ion cyclotron

i~tabilitv have slwn that even a smll shear can, due to non-local effects,

su,::rt lI~E prduce a very significant reduction in the growth rate of an

nst, ili tv; under some conditions it even leads to stabilitv.

i ,a ,i neti <ation was begun during the sim-er program and led t,

interesting lreliminairv results. 4 This effort wiis Crontinued under the

rinigri nt prograim and the results todate indicate that th effect of magnetic

si, far Carl be very significant, and can lead to a stabi lizationl of the lower

ivhr i d mod, for a wide ranie o)f 1phyvs ical paramet ers o i nt rest.



I1. Sciettif ic PaCkground.

Thu importance of lower hybrid waves excited by energetic electron beams

in the context of ion acceleration processes has recently been pointed out,1

and it has been argued that a transfer of energy from the electrons to the

io2n is effected due to the simultaneous resorance of the lower hybrid (LH)

r.,ode with both the electron and ion populations. This ion acceleration

procens is particularly efficient at lower altitudes where the lower hybrid

waves have a high inttensitv over a broadhand of wavelengths. Typically, 1 eV

ions can be raised in energy to hundreds of eV or beyond in the suprauroral

region by the current-driven LI modes. Since the ions are energized primarily

transverse to the field lines, they acquire "conic" distributions, with pitch

an:les clustering around 90 ' to 14(0. Because of the mirror geometry of the

earth's mignetic field, the transverse energy gained by the ions will be

c~: vtrt d to lo-;itudi nal energv as thuev move upwards. When the ions

propagate across a kilovolt electrostatic shock, they become field aligned.

The combination of such keV ion distributions and of that of the background

ions can lead to the excitation of electrostatic ion cyclotron modes. Thus,

the Ih acceleration reclanism may provide a possible explanation of the

sin l.tan-oug observation of the electrostatic ion cyclotron modes with the keV

ion distributions in the suprauroral rerion, particulary at altitudes above

'h k .i

Central to this scenario is the idea that hi'h intensity broad hand LH

w'avye are excited by the energetic electron hems. However, it shnuld be noted

that this uc,-clusion is based on the simplified electrostatic dispersion

riv tP, 1,5 and the effects of the magnetic shear generated bv the field

alircgod currents hivv not been considered in equation (2) of Reference I or



equat ion (I) of Reference 5. Magetic shear generaly exerts a stabiIizing

i nfluence, aid if it could effectively reduce the growth rates of the LHI

rmod:, , the ahove m, ntioned explanations of the ion acceleration process and

the generation of electrostatic ion cyclotron modes would become untenable.

Thus recognizing the importance of investigating the influence of shear on the

current-drivtn Li mr:,d,, w have i ni tiated a systematic study of t'is prol en..

We were motivated to examine this question inspite of the smll strength

of shear because of past experience and background in the context of our

extensive study 2 ~, of the current driven ion cyclotron instability, where we

have shown thit even a small shear can, due to non-local effects, produce a

significant reduction in the growth rate and also reduce the band width of the

wave numbers for which the mode is unstable.

The formulation of the problem of the lower hybrid mode in the presence of

mainetic shear is given in the next section, followed by the method of solution

and di ,u ssi on ot results in subsequent sections.

A



Ill. Fo r r'lti i ,I I t S(,I tr II ,ro ,et

For letctroqtatic waves, the dispersion relation for hu crurrunt-driven

ln-er hybrid node is given by 1 , 5

+ = n - - z k-<U (1k-- P--V 0 k' V- t b) k ..Vt b

where the wave frequency w obeys the condition Wci<K<KLce, ci and w, , np

the ion and lectrrr cyclotron frequencies; V = k2 + k2; k << k ; k r, << ,
£ . .1 -

r, beia the electrn Larmr radius; w >> kV(O0, &, >> k Vi whre \ and Vi

are t her tiermal velocities of the ambient electrons and ions; wpi and wpe art

Cho respective plasma frequencies, nb the electron beam density, no the ambient

ulectron iensity, Vtb indicates the thermal spread of the beam around the b ear.
2 2

velocity Lb , and we have assumcd Wie < <c

The s in itia ot the lnca) dispersion relation (1) is given implicitlv by

0 1( .) I - -y ( ). ,
,  (2)

II

wiert. . = (mi,/me.), c.= k /k 1  k /k,

= (n~1/~) , & !k2V "t = (Ti/Teb) (N',/k t ri '

N ~ . .1 1 :'N = Pi /  A' , Tub M, VT ; t , In 1 = -'T ri Vi,

~p1 ~1~ V) a"Jth /

S= - u -(3)

witl = i = ,/ ,' u = [ /Vtb. (4)

-4
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t (/a) << 1, tht local dinpersio'. re]ation sir f e s t

+' = { ,+, = + yiI2(5)

= = IT ( /u)ye-V" OR

tN re - and-) dennto rLSPcCtively the real and ima-ii nary parts of L 1'. e

Frowth r± to I varies with the angl, of propawation L, attainiow a maxiiu: when

V = YV = *

T[It non-local formulatior, is acLieved 2 , 3 bv intr ductimng () k = kv(x/L,

where x is th. distance mwasared perpenrdicular to the current sheet and I. Is

- d
the shear lntrwth and (ii) k x  dx2 , which converts Eq. (1) into a

diff~rontial equation. The magnetic field is along the z-direction and k

2 2 d2

kY + k -r k Y - dx" - " The resultinn differential equation along with

a; rcu'ritt hrdnrv conditions constitutes an eigenvalue problem for the

,': )lu 1 : Ftnc . With these sunstitutions, Eq. (1) can he rewritten as

r i  d2

PF > + A)c

wherc, invoking: i << 1, wt! have

- r. -~41~~ I2--2(r/a).)2(1-vZ-v) 7

U. = .1+[ _ -1 (7)

ath lKcal di-persin rlaticn is rec e_rvd from Eq. (7) by takin- L * , i.e.

, ic = Kv (8)

wtici is ,c [lv" verified to l1'ad to Eqs. (2) arid (5).



IM. S lution o! ht ,h0ar IVlL .o

'. t irtur from tiht' local disptrsion Mjlatiori ) o ca! be irvestiFoted p

KV s 1. V'in t, di ftere ati al equ atinn (7), subject to tIie bound, rv coardition.-.

t.t t., u .u tr.,t-itic potuntial function remains bounded, or has onto,, .-

:er?:; h.n:',irv condition. In pt neral the solution to the differential equation

Ca ,P'M b, Obt.io 1 iV," V S form, and numerical solution or a comptcr may b(

requircd. }PnVL ver, one Can take advantage of the physi cal characteri qtics

embodied in te Q function, and in prticular, use a locnl Taylor expansion

a r und c o: In , to he- specified later, to obtain an approximate forT-, for (!

which un:ables c ,n to obtain an analytical solution. This is the approach

adopted here.

(M( ca rewrite Eq. (7) in the form

S t.kk ), d. -7 - o

I+ I(- 2 1 -0L' -V (W
,, . . . + 1- . -1 . y L2 ( , )o 2 ( l V ZvZ( ))) . (li,)

hcr o."1:.,1 Wa i,-), Q is enscntially a parabola and this suggests expanding 0 upto

sn,'d rt- ar ,tnd SOmL convenient, is yet arbitrary "angle-

i, , a i W 0, l ,h.r equation, with a set of solutions vviv by the product of

d (.iov1i1 n and minitu -lyi.nnils aWd an eizeuvalu( equation tor

ANt l (2m+l) (- - 1 12 + 12 (12)

fur typiil s p;-t, p na ters we have kvr i  - 1, L /r 09, F--1 and then the

I



_ _- - - r-, 
-- . -

-,- .- --- - - W. 
. . . - .. '--. ,- - - . 1_ '..

iir-t to : T :: otI riw t 1' .'c-tr;]v r ii le cy:Ktred t,, ta I I' y,;d. 'J:.

di-pcrsion eqlatioU thu sir7, 1fies to

,!, = I /2,. ( 13")

This relation defines a complex w for a:ny given It V erct 4 c1 cwl-.

w,", A r. vA sli;tlvc if f rcnt values. Since tOiS a> V,"WC rsts C: tUL

v< i Ait a! the expans ion ot as in Lq. (1l), w. must renI'tli]r 1,r , to be i7-: tilt

t , a .hurt the ab>,Il:tt vilue of the weve packet attains it- maxiui. For

* t - U' Re b A (15)

2 "(14)

attaintiz t, VTi, ' ' it . , - w dp-,

Re ()() > o. (17

1 ) and (17) tc .'tt ,,r ,:. r'i7> . .. . '.I a - , and thien the

C I ,,, : e ? a i tie 1$ ..- n -) t (" Vt,)i>. the first term in

. . i : , i hi- ( . . * wi't : - , - ,r, ,i , larve rwa, ratios) one

... ....-.. ' :. (17) is r-placed bv

) 0 t

*', A iU! It ,, t Vt- V :,'' p F,, t-.' f . - i t . r ,,



A 2t :~re :i rke::tcts"- Of self-Coiisistencv of this approalch is t ha the( cibic

an: ~k r ttrm> Not inc(,luded i n Eq. (11) he smllIer thanl the trsthat

are rt a' i Tttd ,wi t ~C

i. tee o~k (-,-I. shee il::.( tl- , m r qs.' 1.3) and

I ~ t7.1 In iX lic t2 eaUat ionl o f i. aniid b bas ed o n Eq. (1 lo ad ( a

-I -' 2

r -- -i < .. i t, d

j (c-:) c-pi v-, + en (}j>) ?-)

*~ ~~~~ . .i 'it~et M
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T1l1e 2

P, = u. I

(in 1(' - 4 )

5: 4 31
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(,) For V.er larg' u, (e.g. u = 10), a fourth do a,,ii n appcar for strrnl

bL d strengths (a < 10). This is a growing mode with a sigI-Jiflicant 'I, somtha t

b -log" the local growth rate. However this domain is too far awoiv froF. the.

parameter rugion of practical interest. By extrapolation such a re,,ion mig:ht

occur for moderat e u values if we makc a sufficiently sm.aI I, below a = 1. Put

- -= I corr s[-cods to tI, case whIere t(, bt am densi tv is tie s,.i as ti:v a:i t'nt

electron density.

(5) For large a, (i.e. weak beam strengths) one can show analyt ically that

T scle a 2. This has been observed in the results for large a - [)3 . The

a>':;; totic scaling, sets in for smaller a values for smaller u.

* (o) - is proportional to in this range, as can be seen by comparing Tables

I a:,d 2.

rror. these observations we conclude that in the region of practical

X interust, there is only the damped mode which corresponds to the damped branch of

.i T, ar Lteory. The second mode (which is r. :rgi nally positive or negactive)

occur> only for strong currents. Thus th(, current driven lower hybrid mode is

esoentially stabilized.

12
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4.

o Ic] ,ld i P

e. have f rmliated the problem ol tht current dri ven l] t .r li'rid t:, J ir.

tin pr,,-ice of shear and developed the nL cusqary nia-local t rtaty, nt for Its

s u u t i oa. Within the assumptions of the problem, wc find that the mo)de is

ca.V>ti:llv stabiliztd. Th'in is a si r7ificant re"salt, especially in tMc ccMtet

ot th, proposed ion acclT-ration mechanisms based on the loer hybrid

instability. In view of the importance of the result, we comment briefly ou the

adswsLptions aid tie udJe of solution, ant indic:ate further avcnues of extendirry

tUis work.

We have started with a simplified, electrostatic local dispersion relation.

The full electrostatic dispersion relation expressed as an infinite sum over the

ion cyclotron harmonic terms should be employed as the starting point.

Tht current channel has been assumed to be uniform in space. The physical

cArrtit sh V.Pt ha,' filit, Vidths (Lc) aid the introduction of thin n, - s.ile

le:nt, ch cn bc expected to make the results a function of (Lc/Ls). For larme

,eOn,!' Lc, one can expect the present results to emeriee. On the other hand, for

srm.all L,, the local theory will be recovered. The precise variation of ) with

(LAS) would he an important study. 'e have carried out a similar study

Ie l.whyr ,  or the current driven ion cyclotron mA'ode.

Thoe n. thrnd nt solution employed here was based on using" a local cxpansion of

th conCtion. Direct numerical integ'ration of the equation should be carried

ont (the so called shooting code method), to ascertain the accuracy of present

results. Even within the analytical method, various self consistency chucks

indicate that the full Eq. (12) must be used in the strong current regime (i.e.

1trj u, bmAll u).

13
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